Express Mail No. EL 993325664 US 
PROCESS FOR CONVERTING CARBON DIOXIDE TO OXYGENATES 

RELATED APPLICATIONS 

This is a continuation of Application Serial No. 09/963,83 1 , filed September 
26, 2001, entitled CATALYST FOR CONVERTING CARBON DIOXIDE TO 
OXYGENATES AND PROCESSES THEREFORE AND THEREWITH, and hereby 
incorporated by reference. 

BACKGROUND OF THE INVENTION 

1 . Field of the Invention 

The present invention relates generally to the conversion of carbon dioxide 
to oxygenates. In another aspect, the invention concerns a catalyst for converting a feed 
comprising carbon dioxide and hydrogen into methanol and dimethyl ether. 

2 . Discussion of Prior Art 

Carbon dioxide for industrial use is typically recovered from synthesis gas 
production, substitute-natural gas production, cracking of hydrocarbons, and natural springs 
or wells. Although carbon dioxide can be used for numerous purposes such as, for example, 
refiigeration, carbonating beverages, and as an aerosol propellent, in certain situations it may 
be more desirable to convert carbon dioxide to other higher-value compounds such as 
oxygenates. 

Oxygenates can be used for a variety of purposes such as, for example, 
enhancing of motor fuel octane and improving the emissions quality of motor fuel. Methanol 
and dimethyl ether are two oxygenates which can be of particularly high value. Methanol can 
be used for a variety of purposes including, for example, as an alternative motor fiiel, as an 
intermediate in the production of high octane ethers (e.g., MTBE), and as a fuel for fiiel cell 
driven vehicles. Dimethyl ether is also useful for a variety of purposes including, for 
example, as an alternative motor fuel, as a starting material towards the synthesis of various 
hydrocarbons, as a fuel additive to lower emissions, and as an aerosol propellent. 

Although it is known that synthesis gas comprising carbon monoxide, carbon 
dioxide, and hydrogen can be converted into oxygenates using a copper-containing catalyst, 
there exists a need for a catalyst which is effective to convert carbon dioxide into oxygenates 
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with increased carbon dioxide conversion as well as increased product selectivity towards 
methanol and dimethyl ether, particularly dimethyl ether. 

OBJECTS AND SUMMARY OF THE INVENTION 
5 An object of the present invention is to provide a catalyst and process for 

converting carbon dioxide to oxygenates wherein there is an increased carbon dioxide 
conversion. 

A further object of the present invention is to provide a catalyst and process 
for converting carbon dioxide to oxygenates wherein there is an increased product selectivity 
10 towards methanol and dimethyl ether. 

A still further object of the present invention is to provide a catalyst and 
process for converting carbon dioxide to oxygenates wherein there is an enhanced product 
selectivity towards dimethyl ether versus methanol. 

An even further object of the present invention is to provide a catalyst and 
1 5 process for converting carbon dioxide to oxygenates wherein the amount of carbon monoxide 
produced is minimized. 

A yet further object of the present invention is to provide a novel process for 
preparing a catalyst effective to convert carbon dioxide into oxygenates. 

It should be noted that not all of the above-listed objects need be 
20 accompUshed by the invention claimed herein and other objects and advantages of this 
invention will be apparent from the following description of the invention and appended 
claims. 

In accordance with one embodiment of the present invention, a catalyst 
composition is provided. The catalyst composition comprises copper, zinc, aluminum, 

25 gallium, and a solid acid. 

In accordance with another embodiment of the present invention a catalyst 
composition for converting carbon dioxide to methanol and dimethyl ether is provided. The 
catalyst composition comprises reduced-valence copper, zinc oxide, aluminum oxide, gallium 
oxide, and a zeolite having an acid function. 

30 In accordance with a further embodiment of the present invention, a method 

of making a catalyst composition is provided. The method comprises the steps of: (a) 
combining a copper-containing compound, a zinc-containing compound, an aluminum- 
containing compoimd, a gallium-containing compound, and a solid acid compound to form 
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a catalyst mixture; (b) calcining the catalyst mixture to form a calcined catalyst; and (c) 
reducing the calcined catalyst to form a reduced catalyst. 

In accordance with a still further embodiment of the present invention, a 
process for converting a carbon dioxide-containing feed into oxygenates is provided. The 
5 process comprises the steps of: (a) contacting the carbon dioxide-containing feed with a 
catalyst composition comprising copper, zinc, aluminum, gallium, and a solid acid in a 
reaction zone xmder reaction conditions sufficient to convert at least a portion of the carbon 
dioxide-containing feed into oxygenates; and (b) recovering of at least a portion of the 
oxygenates from the reaction zone. 

10 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

In accordance with the first embodiment of the present invention a catalyst 
comprising copper, zinc, aluminum, gallium, and a solid acid is provided. 

The copper component of the inventive composition can exist in the form of 

15 any copper-containing compound such as, for example, elemental copper, copper oxide, 
and/or a copper oxide precursor. It is preferred for the inventive catalyst composition to 
contain from about 2 to about 50 weight percent copper based on the total weight of the 
catalyst composition, more preferably from about 1 0 to about 35 weight percent copper, most 
preferably from 20 to 30 weight percent copper. At least a substantial portion of the copper 

20 component is preferably present in the inventive catalyst composition in a reduced- valence 
state. The valence of the copper in the reduced-valence state (i.e., the reduced-valence 
copper) is less than the valence of copper in its common oxidized state, preferably less than 
two, most preferably zero. It is preferred that at least about 20 weight percent of the copper 
present in the inventive catalyst composition be present in the reduced-valence state, more 

25 preferably at least about 60 weight percent of the copper is present in the reduced-valence 
state, and most preferably at least 80 weight percent of the copper is present in the reduced- 
valence state. 

The zinc component can exist in the form of any zinc-containing compound 
such as, for example, elemental zinc, zinc oxide, and/or a zinc oxide precursor. Preferably, 
30 the zinc component comprises zinc oxide. It is preferred for the inventive composition to 
contain from about 1 to about 40 weight percent zinc based on the total weight of the catalyst 
composition, more preferably from about 5 to about 30 weight percent zinc, most preferably 
from 10 to 20 weight percent zinc. The weight ratio of zinc to copper in the inventive 
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catalyst composition is preferably from about 0.01:1 to about 10:1, more preferably from 
about 0.1:1 to about 5:1, and most preferably from 0.4:1 to 0.8:1. 

The aluminum component can exist in the form of any aluminum-containing 
compoimd such as, for example, elemental aluminiun, aluminimi oxide, and/or an alimiinum 
5 oxide precursor. Preferably, the aliuninum component comprises aluminum oxide. It is 
preferred for the inventive catalyst composition to contain from about 0.5 to about 25 w^eight 
percent aluminum based on the total weight of the catalyst composition, more preferably 
from about 1 to about 1 5 weight percent aluminimi, and most preferably from 2 to 5 weight 
percent aliuninum. The weight ratio of aluminum to copper in the inventive catalyst 

1 0 composition is preferably from about 0.0 1 : 1 to about 5:1, more preferably from about 0.05 : 1 
to about 1:1, and most preferably from 0. 1 : 1 to 0.2 : 1 . 

The gallium component can exist in the form of any gallium-containing 
compound such as, for example, elemental gallium, gallium oxide, and/or a gallium oxide 
precursor. Preferably, the gallium component comprises gallium oxide. It is preferred for 

15 the inventive catalyst composition to contain from about 0.1 to about 15 weight percent 
gallium based on the total weight of the inventive catalyst composition, more preferably from 
about 0.5 to about 1 0 weight percent gallium, and most preferably from 1 to 3 weight percent 
gallium. The weight ratio of gallium to copper in the inventive catalyst composition is 
preferably from about 0.005 : 1 to about 5:1, more preferably from about 0.01 : 1 to about 1:1, 

20 and most preferably from 0.05: 1 to 0.2: 1 . 

The "solid acid" of the inventive composition is defined herein as being any 
solid compound which exhibits an acid ftmction (i.e., frmctions as a proton donor). 
Preferably, the solid acid is a zeolite. More preferably, the solid acid is a zeolite having a 
constraint index (as defined in U.S. Patent No. 4,097,367, which is incorporated herein by 

25 reference) in the range of from about 0.4 to about 12, preferably from 2 to 9. Generally, the 
molar ratio of Si02 to AI2O3 in the crystalline framework of the preferred solid acid zeolite 
is about 5:1 and can range up to infinity. Preferably, the molar ratio of SiOj to AI2O3 in the 
preferred solid acid zeoUte framework is from about 5 : 1 to about 200: 1 , more preferably from 
40: 1 to 70: 1 . Preferred solid acid zeolites include ZSM-5, ZSM-8, ZSM-1 1 , ZSM-12, ZSM- 

30 35, ZSM-38, and mixtures thereof. The preferred solid acid zeolites can also be described 
as crystalline aluminosilicates. Suitable aluminosilicates generally have a medium pore size, 
generally being an effective fine porous size of from about 5 to about 6.5 angstroms, although 
small (generally 3 to 5 angstroms) or large pore (generally 7 to 8 angstroms) solid acid 
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zeolites can also be used. ZSM-5 and similar solid acid zeolites that have been identified as 
having a fi-amework topology identified as MFI are particularly preferred because of their 
shape selectivity. The presently most preferred solid acid is ZSM-5- 

It is preferred for the inventive catalyst composition to contain from about 5 

5 to about 80 weight percent soUd acid based on the total weight of the inventive catalyst 
composition, more preferably from about 10 to about 60 weight percent solid acid, and most 
preferably from 30 to 50 weight percent solid acid. The weight ratio of solid acid to copper 
in the inventive catalyst composition is preferably from about 0.1:1 to about 20:1, more 
preferably from about 0.5:1 to about 10:1, and most preferably from 1:1 to 2:1. 

1 0 The inventive catalyst composition can fiuther comprise a binder component 

having binding properties which provide for a final catalyst composition having the desired 
physical properties. Examples of suitable binder materials include those selected from the 
group consisting of bentonite, aluminate, kaolin, alxmiina, silica, colloidal siUca, sodium 
silicate, titania, zirconia, aluminosilicates (e.g., clays), zinc aluminate, zinc titanate, metal 

15 oxides, and any mixtures thereof Preferred binders are selected from the group consisting 
of bentonite, alxunina, silica, aluminosilicates, and any two or more thereof When the 
inventive catalyst composition comprises a binder, it is preferred for the catalyst composition 
to contain from about 1 to about 40 weight percent binder based on the total weight of the 
inventive catalyst composition, more preferably from about 4 to about 30 weight percent 

20 binder, and most preferably from 8 to 1 5 weight percent binder. The weight ratio of binder 
to copper in the inventive catalyst composition is preferably from about 0.02: 1 to about 10:1, 
more preferably from about 0. 1 : 1 to about 5:1, and most preferably from 0.2 : 1 to 1 : 1 . 

It is preferred for the copper, zinc, alimunimi, and gallium components of the 
inventive catalyst composition to be present in the form of a coprecipitate with the 

25 coprecipitate and the zeolite, and optionally the binder, being substantially evenly dispersed 
throughout the final catalyst composition. 

hi accordance with the second embodiment of the present invention a method 
of making the inventive catalyst composition of the first embodiment of the present invention 
is provided. 

30 The inventive catalyst composition is preferably made, at least in part, by a 

coprecipitation process. The coprecipitation process can be commenced by contacting an 
aqueous metal-salt solution containing a copper compound, a zinc compound, an aluminum 
compoimd, a gallium compound, and water with a basic substance imder suitable conditions 
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to cause coprecipitation of the metals. After the solid coprecipitate has formed, it is allowed 
to age for a suitable period of time. The coprecipitate is then filtered from the remaining 
liquid solution, washed, dried, and calcined. 

The aqueous metal-salt solution employed in the above-described 

5 coprecipitation process is preferably formed by combining soluble salts of copper, zinc, 
aluminum, and gallium with an appropriate amount of a suitable solvent. The soluble salts 
of copper, zinc, alimiinimi, and gallium can be, for example, nitrates, acetates, halides, or any 
other suitable salts known to those skilled in the art to form the desired product. Most 
preferably, the metal-salt solution is formed by combining copper nitrate, zinc nitrate, 

1 0 aluminum nitrate, gallium nitrate, and water in appropriate amoxmts. Preferably, the ratio of 
zinc to copper in the aqueous metal-salt solution is from about 0.01:1 to about 10:1, more 
preferably from about 0. 1 : 1 to about 5:1, and most preferably from 0.4: 1 to 1 : 1 . Preferably, 
the weight ratio of alimiinum to copper in the aqueous metal-salt solution is from about 
0.01:1 to about 5:1, more preferably from about 0.05:1 to about 1:1, and most preferably 

15 0.1 :1 to 0.2:1. Preferably, the weight ratio of gallium to copper in the aqueous metal-salt 
solution is from about 0.005:1 to about 5:1, more preferably from about 0.01:1 to about 1:1, 
and most preferably from 0.05 : 1 to 0.2 : 1 . The amount of solvent, preferably water, employed 
in the solution can be any amount of solvent sufficient to dissolve the metal salts. Preferably, 
the weight ratio of solvent to the copper in the aqueous metal-salt solution is from about 0.1:1 

20 to about 1,000:1, more preferably from about 1:1 to about 100:1, and most preferably from 
5:1 to 20:1. 

The basic substance contacted with the aqueous metal-salt solution can be any 
substance operable to facilitate coprecipitation of a Cu/Zn/Al/Ga solid coprecipitate. The 
basic substance is preferably a liquid substance having a pH value of more than about 8, 

25 preferably between about 9 and 12. The basic substance preferably comprises a basic 
component selected from the group consisting of ammonia, carbonates, bicarbonates, and 
alkali metal hydroxides. Most preferably, the basic substance is an aqueous solution 
containing sodium bicarbonate and water, with the weight ratio of sodium bicarbonate to 
water in the solution being from about 0.01 : 1 to 1 0: 1 , most preferably from 0.05 : 1 to 0.2: 1 . 

3 0 The aqueous metal-salt solution is preferably contacted with the basic solution 

by combining the basic substance and the metal-salt solution in a mixer. Preferably, after 
combining the basic substance and the metal-salt solution, the resulting solution is mixed by 
any suitable method known in the art for a period of about 5 minutes to about 5 hours, more 
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preferably from about 10 minutes to about 1 hour. During mixing of the metal-salt solution 
and the basic substance, it is preferred that the mixed solution be maintained at a temperature 
of from about lO'C to about 200**C, more preferably from about 20'C to about lOO'C, and 
most preferably from about 60"C to about 80*C. 
5 After mixing, the formed coprecipitate and liquid solution are preferably aged, 

without mixing, at a temperature of from about 20'C to about lOO'C for a time period of 
from about 10 minutes to about 5 hours. 

The solid coprecipitate formed during the mixing and aging of the solution 
is preferably separated from the Uquid solution by any means known in the art such as, for 

10 example, filtering. The separated solid coprecipitate is then preferably washed to remove 
trace amounts of the liquid solution therefrom. After washing, the solid coprecipitate is 
preferably dried at a temperature of from about SOX to about 200°C, more preferably from 
lOO'C to 140'C for a period of from about 0.5 to about 10 hours, more preferably from about 
1 to about 5 hours. Thereafter, the dried solid coprecipitate is preferably calcined at a 

1 5 temperature of from about 200X to about 600"C, more preferably from about 300'C to about 
400 'C for a period of from about 1 to about 20 hours, more preferably from about 2 to about 
8 hours. 

The calcined coprecipitate comprising copper, zinc, aluminum, and gallium 
is thereafter preferably physically mixed with the solid acid and the binder in appropriate 

20 proportions suitable for providing the inventive catalyst composition described in the first 
embodiment of the present invention. The solid coprecipitate is preferably cmshed into fine 
particles prior to or during mixing with the solid acid and binder. Water can be added during 
the physical mixing of the solid coprecipitate, solid acid catalyst, and binder to thereby form 
a paste capable of being shaped into suitable catalyst particles. Preferably, the paste is 

25 thereafter extruded into extrudate having a diameter of from about 1/16 to about 1/8 of an 
inch. Other suitable methods of shaping such as, for example, granulizing, pelletizing, and 
sphering may also be employed. 

After shaping the mixture of solid coprecipitate, solid acid, and binder, the 
shaped catalyst is preferably dried at a temperature of from about 80'C to about 200°C for 

30 a period of from about 1 to about 10 hours. The dried catalyst is then calcined at a 
temperature of from about 200''C to about 600"C, preferably from BOO^C to 400'C, for a 
period of from about 1 to about 10 hours, preferably from 3 to 7 hoiirs. 
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After calcining, the catalyst is preferably reduced under conditions sufficient 
to reduce the valence of the copper component of the catalyst. Preferably, reduction is 
accompHshed by contacting the catalyst with hydrogen at a temperature of from about 1 80'C 
to about 320'C, preferably from 200'*C to 280'C, for a period of from about 0.5 to about 20 

5 hours, preferably from 2 to 8 hours. 

In accordance with a third embodiment of the present invention a process for 
converting carbon dioxide to oxygenates using the inventive catalyst composition described 
in the first embodiment of the present invention is provided. 

The catalyst described and prepared in accordance with the first and second 

1 0 embodiments of the present invention can be employed to convert a feed containing carbon 
dioxide into oxygenates under any suitable conditions effective to promote such conversion. 
The carbon dioxide-containing feed and catalyst can be contacted in the reaction zone of any 
suitable reactor knoAvn in the art such as, for example, a fixed bed reactor, a moving bed 
reactor, a fluidized bed reactor, and transport reactors. Preferably, the inventive catalyst and 

15 the carbon dioxide-containing feed are contacted in a fixed bed reactor. 

The carbon dioxide-containing feed contacted with the inventive catalyst 
composition preferably comprises hydrogen and carbon dioxide in amoimts such that the 
hydrogen to carbon dioxide volxmie ratio (HjiCOz) of the feed is in the range of from about 
0. 1 : 1 to about 1 00: 1 , more preferably from about 1 : 1 to about 50:1, and most preferably from 

20 5 : 1 to 1 5 : 1 . Although the carbon dioxide-containing feed can contain trace amounts of other 
compounds such as, for example, carbon monoxide, it is preferred that the carbon dioxide- 
containing feed consist essentially of hydrogen and carbon dioxide. Preferably, the volume 
percent of carbon dioxide in the carbon dioxide-containing feed is from about 1 to about 50 
volume percent by volume of the total carbon dioxide-containing feed, more preferably from 

25 about 5 to about 20 volume percent, and most preferably from 8 to 15 volume percent. The 
volume of hydrogen contained in the carbon dioxide-containing feed is preferably from about 
50 to about 99 volimie percent hydrogen based on the total volume of the carbon dioxide- 
containing feed, more preferably from about 70 to about 95 volume percent hydrogen, and 
most preferably from 85 to 95 volume percent hydrogen. 

30 The carbon dioxide-containing feed preferably comprises less than about 20 

volume percent of compounds other than carbon dioxide and hydrogen based on the total 
volimie of the carbon dioxide-containing feed, more preferably less than about 10 volume 



percent of compounds other than carbon dioxide and hydrogen, even more preferably less 
than 2 volume percent of compoimds other than carbon dioxide and hydrogen. 

The rate at which the carbon dioxide-containing feed is charged to the reactor 
can be any rate suitable for promoting the conversion of carbon dioxide to oxygenates, 

5 particularly dimethyl ether. Preferably, the gas hourly space velocity (GHSV) of the carbon 
dioxide-containing feed charged to the reactor is in the range of from about 100 to about 
20,000 hr'\ more preferably from 1,000 to 5,000 hr'K 

The temperature and pressure at which the reaction zone of the reactor is 
maintained can be any temperature and pressure which optimizes the conversion of carbon 

10 dioxide to oxygenates, particularly dimethyl ether. The reaction zone is preferably 
maintained at a temperatxire of from about 1 SO'C to about SOO'C, more preferably from about 
200'C to about 400'C, and most preferably from 250*C to 320''C. The pressure in the 
reaction zone is preferably from about 200 psig to about 5,000 psig, more preferably from 
about 500 psig to about 4,000 psig, and most preferably from 1,200 psig to 1,600 psig. 

15 After contacting the carbon dioxide-containing feed and the catalyst 

composition under reaction conditions, the oxygenate products can be recovered from the 
reactor by any suitable means known in the art. 

The product of the reaction preferably comprises dimethyl ether (DME), 
methanol, and carbon monoxide. The amount of DME in the product as a mole percentage 

20 of all the carbon in the product is preferably greater than about 5 carbon mole percent, more 
preferably greater than about 20 carbon mole percent, and most preferably greater than 60 
carbon mole percent. The amoimt of methanol in the product as a mole percentage of all the 
carbon in the product is preferably less than about 50 carbon mole percent, most preferably 
less than 25 carbon mole percent. The amoimt of carbon monoxide in the product as a mole 

25 percentage of all the carbon in the product is preferably less than about 20 carbon mole 
percent, more preferably less than about 10 carbon mole percent, and most preferably less 
than 5 carbon mole percent. 



EXAMPLE I 

30 Catalyst A (control) was prepared by combining 22.0 grams of copper nitrate 

(Cu(N03)2 • 2^2 H2O), 14.07 grams of zinc nitrate (Zn(N03)2 • 6H2O), 2.95 grams of 
alvmiinimi nitrate (A1(N03)2 • 9H2O), 2,16 grams of gallium nitrate (Ga (N03)2 • HjO), and 
200 ml of water to form a metal-salt solution. A basic solution containing 20 grams of 
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sodium carbonate (Na2C03) and 200 ml of water was prepared separately. The metal-salt 
solution and the basic solution were then simultaneously added to a mixer containing 1 00 ml 
of water at 70°C over a period of about 30 minutes while the mixer was agitating. The mixer 
was then tumed off and its contents were allowed to age at 70"C for about 1 hour. The solid 
5 coprecipitate substance formed in the mixer was then filtered fi"om the liquid contents of the 
mixer and washed with water. The washed coprecipitate was placed in an oven and dried at 
120*0 for about 3 hours. The dried coprecipitate was then calcined by raising the oven 
temperature to 350**C for about 5 hours. The resulting 1 1.90 gram quantity of the calcined 
coprecipitate was designated Coprecipitate X. 

10 A 3.0 gram quantity of Coprecipitate X was then crushed into a powder and 

mixed with 0.3 grams of bentonite. Water was slowly added to the mixture during mixing 
to fomi a paste. The paste was extruded with a syringe into extrudate having a diameter of 
approximately 1/16 inch. The extrudate was placed in an oven and dried at 120**C for about 
3 hours. The dried extrudate was then calcined by raising the oven temperature to 350*C for 

15 3 hours. The resulting calcined extrudate was designated Catalyst A. 

Catalyst B (inventive) was prepared by mixing a 5.95 gram quantity of 
Coprecipitate X, described above, a 5 gram quantity of ZSM-5 zeolite (Zeocat PZ2/50H 
powder, provided by CU Chemie Uetikon AG, Uetikon, Switzerland), and a 1.5 gram 
quantity of bentonite. An 1 1 .5 ml quantity of water was slowly added to the mixture during 

20 mixing to form a paste. The paste was then extruded, dried, and calcined in the same manner 
as described above with respect to the preparation of Catalyst A. The resulting calcined 
extrudate was designated Catalyst B. 

EXAMPLE II 

25 Catalyst A (control) was reactor tested by placing 2.5 grams of Catalyst A in 

a stainless steel tube reactor (I.D.= 1 cm; length = 60 cm). Catalyst A was reduced by 
charging hydrogen at about 50 cc/min to the reactor while maintaining the reactor at a 
temperature of about 240'C. After reduction, a feed of carbon dioxide and hydrogen having 
a H2/CO2 volume ratio of 9 was charged to the reactor at a GHSV of 2650 hr ' while the 

30 reactor was maintained at a temperature of 280'C and a pressure of 1400 psig. Effluent 
samples were taken in 5 increments over a period of about 4.5 hours. 

Catalyst B (inventive) was reactor tested by placing 4.75 grams of Catalyst B 
in the same reactor as was used to test Catalyst B. Catalyst B was then reduced and reacted 
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with the same H2/CO2 feed employed for Catalyst A in substantially the same manner as 
described above with respect to Catalyst A. EfQuent samples were taken at 6 increments over 
a period of about 6.5 hours. 

The effluent samples from ttie reactor tests of Catalysts A and B were 
analyzed by gas chromatograph to determine average CO2 conversion (%) and product 
selectivity (carbon mole %) to CO, methanol, and dimethyl ether. 



TABLE 1 



Catalyst 


CO2 Conversion (%) 


Product Selectivity (Carbon mole %) 


CO 


Methanol 


Dimethyl Ether 


A 


56.6 


16.0 


83.2 


0.2 


B 


72.1 


4.6 


20.1 


75.0 



Table 1 illustrates that a Cu/Zn/Al/Ga catalyst including a solid acid 
component (Catalyst B) provides superior CO2 conversion and dimethyl ether selectivity 
versus a Cu/Zn/Al/Ga catalyst that does not include a soUd acid component (Catalyst A). 

Reasonable variations, modifications, and adaptations can be made within the 
scope of this disclosure and the appended claims without departing from the scope of this 
invention. 

The inventors hereby state their intent to rely on the Doctrine of Equivalents 
to determine and assess the reasonably fair scope of the present invention as pertains to any 
apparatus not materially departing from but outside the literal scope of the invention as set 
forth in the following claims. 
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